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Abstract We present an observational approach to constrain the Igitibature and evolu-
tion of the intracluster medium utilizing tHROSAT andASCA distant cluster sample. From
statistical analysis of the gas density profile and the cotime to the Lx-T" relation under
the 8-model, the scaled gas profile is found to be nearly univéosahe outer region. On the
other hand, a large density scatter exists in the core regidthere is clearly a deviation from
the self-similar scaling for clusters with a small core. Tigcovery of the existence of an
X-ray fundamental plane in the distant cluster sample sstgdkat the cooling time (,1) is

a parameter to control the gas structure. The appearanoedifores in regular clusters may
be strongly connected with the thermal evolution. We ddfieduminosity-ambienttempera-
ture (I”) relation, assuming the universal temperature profileferdusters with shott.o1,
and find the dispersion around the relation significantlyreéle@ses and the slope becomes
marginally less steep. Considering a correlation betwggnpand the X-ray morphology, the
observational results lead us to draw a phenomenologicalngi after a cluster collapses
andt... falls below the age of the universe, the core cools radilgtivéh quasi-hydrostatic
balancing in the gravitational potential, and the centealsity gradually becomes higher to
evolve from an outer-core-dominant cluster, which folldtws self-similarity, to inner-core-
dominant cluster.
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1 INTRODUCTION

Clusters of galaxies are the largest gravitationally bosygtems in the Universe. This makes them very
important probes of cosmology. Thus a precise knowledgleaif thasses is very important to measure the
large-scale structure and to test cosmological models\@ie2005 for review). In linking the cluster mass
with observables, X-ray observations play a indispensaldesince the clusters are in general strong X-ray
sources and their luminosity and temperature, which are@ep to be mass proxies, can be measured for
a larger number of clusters. However, there are increaseaep of evidences that evolution of the X-ray
emitting gas is fairly complex due to radiative cooling effemerger activity and so on. Therefore it is
necessary to examine such non-gravitational effects iingceelations of galaxy clusters.

The Lx-T relation of clusters of galaxies is one of the most fundardgrarameter correlations estab-
lished from previous X-ray observations (e.g., Edge et330). Since the X-ray luminosity reflects temper-
ature and density profiles of hot intracluster medium (ICg, Lx-T relation should contain information
on the physical status and evolution of the ICM. Observatignthe correlation is well approximated with
a power-law functionLx o« T“ with o« ~ 3 and shows a significant scatter around the mean relation.
On the other hand, the self-similar model prediets- 2 (Kaiser 1986). Thus the inconsistency between
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the observations and the simple theoretical model has belesteld for many years and many ideas have
been proposed, including non-gravitational heating, ddpace of gas mass fraction on the temperature,
and the effect of radiative cooling (e.g., Evrard & Henry 19€avaliere et al. 1997; David et al. 1993;
Neumann & Arnaud 2001). To understand the origin of the alexbscatter, we consider that the following
two observational facts will give a important clue: one is tonnection between the cluster core size and
the normalization factor of théx-T relation as pointed out by Ota & Mitsuda (2002; see also F&j. 1
and the other is a drop in temperature by a factor df at the center of many relaxed clusters found from
high-sensitivityXMM-Newton and Chandra observations ( ‘universal temperature profile’; e.g.,Kieast
al. 2004). These results indicate that the gas evolutiohdrcbre region have a great impact on the T
relation particularly under the radiative cooling. Aimiagfurther constraining the gas structure and the
thermal evolution, we performed a detailed statisticalysisibased on the large distant cluster sample.
We useQy = 0.3, 24 = 0.7andhryg = Ho/(70 km s~ Mpc~!) = 1. The quoted parameter errors
are the 90% confidence range throughout the paper unlegsvigbaoted. Théo error bars are plotted in
all figures.

2 THE DISTANT CLUSTER SAMPLE AND THE REDSHIFT DEPENDENCE

The sample is selected from an X-ray catalog of RISAT andASCA distant clusters presented in Ota &
Mitsuda (2004). Although the original catalog includes #8sters in the redshift range 6f1 < z < 0.82,
the final sample used in this work comprises 69 clustei&in< z < 0.56 in order to reduce possible
selection effect and measurement uncertainties that are seoious at higher redshifts.

The data analysis consists of two major steps: (1) the $pat#ysis with theROSAT HRI and (2) the
spectral analysis with th&SCA GIS and SIS detectors. For (1), the radially-averaged Xstaface bright-
ness distribution was fitted with the isothernsaimodel (Cavaliere & Fusco-Femiano 1976) to determine
the slope parametgt, the core radius, and the central surface brightness. The model gives a rabon
good fit to the observed surface brightness of many clusterssults in a statistically acceptable fit for
about 2/3 of the sample. For some clusters, however, it litaedual emission in the central region and
a significant improvement was found when including an addél 3-model component particularly for 9
clusters (termed as “doubl&-clusters). The present work basically stands on the sifgteodel for the
reason that we are mainly interested in a systematic stuttysoglobal structure in a large number of distant
clusters. Furthermore, the X-ray morphology was measuitdusging ‘centroid variations’ of the cluster
image and the sample was classified into “regular” and “irtag clusters.

For (2), the emission-weighted temperature and bolomietniénosity were measured from t#e&SCA
spectroscopic data under the Raymond-Smith madeéls the emission-weighted temperature determined
from the simultaneous fitting to th&SCA GIS and SIS spectra extracted fremx 6’ andr < 3’ circular
regions, respectively, and the bolometric luminosity, is calculated within a virial radiussgy. Herersgg
is defined as the radius within which the average matter tleissequal toA,. = 500 times the critical
density of the Universe at the cluster redshift.

It is worth noting that we found no clear redshift evolutiohtbe 3-model parameters and of the
temperature at < 0.5 (see Ota & Mitsuda 2004 for details). We also examined thehiéiddependence
of the Lx-T relation by evaluating the relations for three subsets td,dE8 clusters if).1 < z < 0.2,

27 clusters im.2 < z < 0.3, and 24 clusters 0.3 < z < 0.56 (only 7 out of 24 have: > 0.4) and
by comparing with the previous results. There is a margiradd to obtain a steeper slope and a smaller
normalization factor for the higher redshfit clusters.

Lx = 1237262 5 10%8(kT)2 75507 for 0.1 < 2 < 0.2, 1)
Lx = 5137159 x 10%2(kT)> 1805 for 0.2 < 2 < 0.3, )
Lx = 2.95T1085 o 104 (k765 756 for 0.3 < 2 < 0.56.. 3)

Ettori et al. (2004) reported a steep slop8aR2 +0.47 (1o error) for high redshift cluster§(d < z < 1.3)
based on th€handra data analysis and suggested a negative evolution. Outsegiree with their relation
within the errors. Thus there might be a weak redshift evofuin the Lx-T relation. However, due to the
large uncertainties associated with the relations for thkdr redshifts, it is not statistically significant. We
then carry out statistical studies regardless of theirhiétdsn this paper.
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3 STATISTICAL ANALYSIS
3.1 Lx — T Relation and Gas Density Profiles

Since theLx-T relation is sensitive to the ICM structure of the core regiae first examine the core
radius. As noted in Ota & Mitsuda (2002), the distribution exhibits high concentrations around 50 and
200h7‘01 kpc (Fig. 2b). Furthermore thex — T' shows a significant offset if the sample is divided into two
subgroups according to the core radius (i.e., for a fixed &zatpre a small-core cluster tends to be brighter
than a large-core cluster; see also Fig. 1a):

Lx = 1.05751F x 10*(kT)*°* for r, < 0.1 Mpc, (4)
Lx = 4.527037 % 102 (kT)>° for r, > 0.1 Mpc. (5)

Under the self-similar model, the internal structure ofglas should be scaled by the virial radius, and then
r500/7c should be constant for all clusters. However, as seen frgur€i2a;. does not simply scale by

+0.12
r500- If we divide the sample into twe, groups relative ta-. = 100 kpc, we obtain ;g o< rfj' o1 for
34 clusters withr. > 100 kpc while no meaningful correlation was found for 35 clusteith . < 100 kpc
(the correlation coefficient is 0.21). This clear deparfuoen the self-similar relation particularly for the
small-core clusters suggests that the formation of thelsoads are determined from some physical process
other than the self-similar collapse.

To investigate the global gas density structure, we plothib&t-fit 3-model profiles for 69 clusters
in Figure 3, where the radius was normalizedy,. A significant scatter of the density exists within
~ 0.1r500 region (typically0.1r509 ~ 100 kpc) and the smaller core clusters show a systematicallyehig
density in comparison to the large core clusters. On ther dtéved, the profiles are fairly universal outside
that radius. We consider that this is consistent with thelaiity found in outer regions of scaled profiles
for nearby clusters (Neumann & Arnaud 1999). In additioncalgulating thel.x-T relation inside/outside
a radius0.2rsq9, We confirmed that the core emission is indeed a source ofctittes seen in thé x-T'
relation.

3.2 X-ray Fundamental Plane

Another important finding is the existence of the X-ray fumégtal plane for the distant clusters (Fig. 4a).
The presence of a planar distribution of nearby cluster§ién3-D parameter space (the central electron
densityn.g, 1., T) was first noted by Fujita & Takahara (1999). By utilizing engar method, we obtained
the following three orthogonal parameters:

X x 7?/2.044,,,8.651‘!70.627 (6)
Y n2.045,r,8.44T0.787 (7)
7 x TLS'O?ST’C_O'GQT_O'IO, (8)

confirming the agreement with those for the nearby sampl&idare 4b, we also show the distribution
of nearby clusters projected onto the salmeX — log Z plane. We further found that by setting ~
constant, Equation (8) yields

7 7‘_1'78T1'00 o nl(.)QOT—O.GQ_ (9)

Thus the principal axis of the fundamental plafde|s suggested to be closely related-{o Sincet o
VT /neo, Equation (9) can be rewritten as
Z ox t 12 (10)

cool *

Since theZ-axis represents a direction along which the dispersioh®fiata points becomes the largest in
the parameter correlations,, is considered to be a key parameter to control the ICM ewautidence
we will focus on the effect of gas cooling in the next section.

3.3 Lx — T Relation and Cooling Time

As already mentioned in the previous section, there is @ldigpersion of the gas density insitlérsqg
region which is strongly related with. (Fig. 3). Ota & Mitsuda (2004) derived the-r. relation to be
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Fig.1 Lx-T relation andt...1. Upper panelsLx-T relation of clusters (a), andx.v as a function
of tcoo1/tage (D). Bottom panels, the luminosity to the ‘ambient tempantrelation, Lx — 7" (c) and
Liev = Lx/(kT')*8 as a function of .01 /tage (d). In the panels (c) and (d), for clusters with short
cooling timescale ofog tcoo1 /tage < —0.5, the temperature decrease is corrected @ith= 1.37", other-
wiseT’ = T (see Section 3.4).

neo o r, 13 and noted that the correlation tends to become even stesymnéll core clustersi.o o 19
for r. < 100 kpc. For clusters with such high density cores, radiativ@ling may work considerably. It is
also suggestive that1rsg is roughly equal to the typical cooling radiusf,,; ~ 100 kpc.

In Figure 5a we show the radiative cooling time against thee gadius. We confirm that for all
small core clusters, it is shorter than the Hubble tiie £ 13.4 Gyr; Spergel et al. 2003).001 < tu.
Furthermore, considering the strong dependence on the@dis,t...; o« r.7 for r. < 100 kpc (Ota &
Mitsuda 2004), these results seem to indicate a centrabrration of the gas according to the progress of
radiative cooling. This may be considered a support to #edstrd cooling-flow model (Fabian et al. 1994)
in this regard. However, as seen from Figure 5b, there is @ardifference in temperature between the
two subgroups of different core sizes. The average temyreréand the standard deviation) is 5.4 keV (1.8
keV) for the clusters withr. < 100 kpc and 7.0 keV (1.8 keV) for. > 100 kpc, and the difference is
only 30%. Thus there is not a strong temperature drop asqgiegtly the standard cooling-flow model. Our
result confirms the lack of strongly cooled gas based on tige lsample oROSAT andASCA clusters.

3.4 Lx-T' Relation and Cooling Time

To investigate the nature of the dispersion aroundtRel” relation in more detail, we introdude v =
Lx(kT/1 keV)~* (a: the best-fit power-law index) and shalM.y as a function of the cooling time
normalized by the age of the universe at the cluster redsghift:/tage) in Figure 1b. Atlog(tcoot/tage) >
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Fig. 2 (a) Thersoo-r. relation and (b) histogram ef. for 69 clusters. In the panel (a), 35 clusters with small
core ofr. < 100 kpc and 34 clusters with larger core of > 100 kpc are shown with the asterisks and
the circles, respectively. The dotted lines indicate thesimilar condition corresponding to four different
constant values ofsoo /7.
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Fig. 3 Electron density profiles for 69 clusters.The best-fit dgnmiofiles derived with the singlg-model
are plotted, where the radius is normalized witlo. 0.17500 is indicated with the vertical dotted line,
inside which the scatter is the most prominent.

—0.5 the distribution is nearly constant within the data scatbar the other hand, at the shorter cooling
time of log(tcoo1/tage) < —0.5, a significant deviation from the medix-T relation (which is denoted
with the horizontal solid line in the figure) is clearly vigbAlthough this was interpreted as central excess
emission accompanied by the radiative cooling within ttaenfework of the standard cooling-flow model,
we want to suggest the possibility that this might be due¢athderestimate of the temperature for its mild
decrease at the center at the center of clusters with shalihgdime.

We then evaluate the emission weighted temperature of tieeck with short cooling time utiliz-
ing the universal temperature profile found in many nearlnling-flow clusters. Assuming a projected
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Fig. 4 Results of X-ray fundamental plane analysis. In panel (&) best-filog X — log Z plane obtained
for the distant clusters is shown. The meaning of the symén@she same as Fig. 2. In the panel (b), 45
nearby clusters taken from Mohr et al. (1999) were projecteith the same fundamental plane as panel
(a). According to table 2 of Mohr et al. (1999) non cooling4flolusters are shown with the triangles, and
inner-core and outer-core components of cooling-flow elissare separately shown with the solid boxes
and open boxes.
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Fig.5 teool-Tc (8) andT-n.o (b) relations. For panel (a)coo1 is the radiative cooling timescale (see text).
There is a strong correlation with. which follows t..o; o< r27. The Hubble timetny = 13.4 Gyr is
indicated with the horizontal dotted line. Then. < tu for all clusters belonging to the smaller core
group. For panel (b)r.o is the central electron density obtained from thenodel analysis. There is no
clear difference in the temperature range between the tlvgreups though.o is scattered nearly over
two orders of magnitudes. Their average temperatures dféd/4and 7.0 keV are shown with the dashed
line and dot-dash line, respectively.

temperature profile7'(r) o« 0.40 + 0.61[(z/z.)*?/(1 + (z/x:)'?)] (x = r/ra500) for relaxed clus-
ters (Allen et al. 2001) and th@ profile for the brightnessS(r) o (1 + (r/r.)?)~3#*+1/2, we obtain

T = [ T(r)S(r)2nrdr/ [;™* S(r)2mrdr . Since the temperature profile is nearly constant outside
the typical cooling radius of 100 kpc, we estimate a temperature of the outer, non-coolinigned” to

be

T' ~1.3T, (11)

for the typical values of. = 50 kpc, 5 = 0.6, 12500 = 600 kpc andr,,x = 1 Mpc.
By simply adopting the correctioh’ = 1.37 for 26 clusters withog(tcool /tage) < —0.5 otherwise
T' = T for 43 clusters, we plot théx-T" relation in Figure 1c. As shown below, the difference in the
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normalization factors between< 100 and> 100 kpc mostly disappeared in this case.

Lx = 8.04707L x 10*(kT")**" for r. < 0.1 Mpc, (12)
Lx = 6.7679:38 % 10*2(kT")%* for r. > 0.1 Mpc. (13)

It is thus remarkable that after the correction, there isigoiicant difference in the dispersion of the data
points betweem.,o < tage aNdicool > tage, aNAL1kev CaN be regarded as constant within the data scatter
over 2 orders of magnitude ®f,.1 (Fig. 1d). The slope of the power-law function2’§0f8:§i and thus

marginally less steep compared with that/gf — 7.

4 DISCUSSION
4.1 Comparisons with Nearby Clusters

Based on the systematic analysis of the distant sample, weediewn that there is a significant offset in
the Lx-T relation between the small-core and large-core clustengetisis the scatter is tightly connected
with the radiative cooling time in the core region. We congplaelow our results with the scaling relation
of nearby clusters. Recently O’hara et al. (2006) and Chah é2007) classified their nearby samples into
Cool Core (CC) clusters and non Cool Core (NCC) clusters aowed a segregation of the two groups
on theLx — T plane, which is basically consistent with our results. Nb& they used slightly different
definitions. However, the CC cluster is in general one haaiagoling core at the center and the cooling time
shorter than the Hubble time. O’hara et al. (2006) furthesmapted to explain the observed data points by
using thelLx-T'— I, relation ( is the central X-ray surface brightness) and found the teatpee scaling of
(Tx/1.38) which would minimize the scatter around the mean scalitaion. This is in a good agreement
with our present results. They also noted that the CC clsistarhich usually have less morphological
substructure, exhibit higher intrinsic scatter aboutiagalelation even after correcting for the cooling core
effect, suggesting that a more global process is at works Tihe residual variation af v for the small

r. clusters in the present study may be related to the scattedfby O’hara et al. (2006) though we did
not find a significant difference of thie; .y distribution between the small-core/large-core clus@rsthe
other hand, Vikhlinin et al. (2006) reported based on@handra observations that the incidence rate of
the cooling core phenomenon is smaller at high redshift (0.5). Therefore these multiple observational
studies indicate that we might be looking at the progressdiative cooling in the core region. However,
the previous analyses were based on the different analysisotis and thus a uniform analysis of clusters
in a wide redshift range is considered to be important tchentlarify the redshift evolution of the core
structure.

4.2 Possibility of Quasi-Hydrostatic State of the ICM

The observational results indicate that the gas in the egien of small core clusters is undergoing radiative
cooling but the temperature decline towards the center se@eild. The gas may be considered close to a
steady state. We will discuss such a possible state of thegasi-hydrostatic cooling, proposed by Masai
& Kitayama (2004). The model predicts a moderate and smaashinflow with hydrostatic balancing. In
the context, unlike isobaric cooling flows that increasddal density so the thermal pressutér) is kept
against local cooling, quasi-hydrostatic cooling allols gas to modify its profile or core size S&P(r)
matches with the force by gravitational potential.

In Section 3.4 we derived théx-T’ relation by correcting the emission-weighted temperatare
small-core clusters with shott,, based on the idea of the universal temperature profile, amaeshthat
the bolometric luminosity normalized by the temperatungatelence ofkT")?-%, L1y is constant within
the data scatter over a wide rangei@f,i/tage. This strongly suggests that the rate of thermal energy loss
is kept nearly constant after the onset of cooling in thetelusore.

According to the quasi-hydrostatic model, the temperasgtads to decrease at the cooling radius and
approaches a constantef1/3 the ambient temperature towards the center. The temperptafile does
not depend on its absolute value. This picture may expl@mtiservations of nearby cooling-flow clusters.
The mass inflow rate from the outer region is controlled byliogoso to maintain the quasi-hydrostatic
balance and it is expected to vary little through the flow. Tbedition is well satisfied in the case that the
temperature i&7T = 2 keV where bremsstrahlung dominates cooling more than limeston. The present
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sample meets this condition since it has a temperature @yec k7T [keV] < 12. Therefore our results
can be consistently understood within a framework of thesghgdrostatic cooling model.

As described above, cooling with quasi-hydrostatic batepmodifies the core structure of the gas.
This may give a clue to the origin of the small core~o50 kpc or the inner core component of the double-
0 cluster. In addition the study would also have an impact empiiesent understanding of the origin of the
dispersions around thiex-T relation because it provides the observational evideratetliey are directly
linked to the thermal evolution of the ICM. Besides, thisdstshows how the relation would be modified
when the effect of the cooling is considered.

4.3 Morphological Evolution of X-ray Clusters

Finally we comment on a phenomenological view on the mompdiokl evolution of the ICM. According

to the X-ray morphology examined in Section 2, we can dividedample into three subgroups: the regular
single3 cluster, the irregular singlg-cluster, and the regular doubte€luster. To see if how they are
distributed in the parameter space, we show in Figure @&thd” relation and the1kev — (tcool /tage)
diagram. Note thal”/3 was used instead &’ since under the virial theorem and tBemodel the virial
temperature is given b¥,..0 rather tharil,.s (Akahori & Masai 2005; Ota et al. 2006) and it is worth
examining. We can see in Figure 6b a trend of morphologicahgk along the horizontal axis-(the
principal axisZ; see Section 3.2). According to the level of cooling andedéht density structures, it is
possible to define three phases of the ICM evolution as falldwm larger to smallet.,,, i) the irregular
large-core clusters abg(teoo1/tage) 20, Where a large scatter df;i.v is seen, ii) the regular large-core
clusters at-0.35 1og(teool/tage) < 0, and iii) the regular small-core clusterslag(tcool/tage) < —0.3.
Furthermore, the doublg-clusters are located in iiipg(tcool/tage) S — 0.3, the same region as the regular
small-core clusters. As the inner-/outer-core dominandd®3 clusters are at a shorter/longer side of the
range, they are suggested to be closely related to the daraie-core regular clusters. We thus consider
that this may be connected with the evolution of the X-rayfaste brightness distribution after the onset
of radiative cooling. It is likely that the doubl@-clusters are those in the transient phase of their cooling
cores, i.e., core size transition from outer-core domuh&tenner-core dominated, mentioned in the quasi-
hydrostatic cooling model. As the interpretation of the loleucore nature, we consider in the following
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Fig.6 Lx-T'j relation and X-ray morphology. The regular singleslusters withr. smaller (larger) than
100 kpc are shown with the asterisk (circles), and the ileegaingle# clusters with smaller (larger) than
100 kpc are shown with the triangles (boxes). The doubtdusters are denoted with the light-blue stars.
The filled (open) stars correspond to the inner-core (ottee) dominant doublé-clusters. In the panel
(b), we indicated the three phases according to the diffdesel of cooling and density structure: i) the
large core, irregular clusters with lorg,.1 relative tot..e, i) the large core, regular clusters with moderate
teool, and iii) the small core, regular clusters with sh,;. In the phase iii), 9 of the sample shows the
significant double3 structure, and the inner-core/outer-core dominant dedlgtusters are located at the
shorter/longer cooling time (see Sect. 4.3).
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way: when some time passed after the collapse and the cdmdicgmes important, the core is radiatively
cooled and the central density gradually becomes highevdtve from an outer-core-dominant cluster
toward an inner-core-dominant cluster. See Ota et al. (Rl@@@nore details.

5 SUMMARY

From the statistical analysis of 69 cluster9)ifh < z < 0.56 with the ROSAT andASCA X-ray catalog, we
have obtained the following main results.

1. Regarding the cluster outer region, the density profited@nd to be nearly universal. On the other
hand, for the central region, the gas density exhibits aifsdgnt scatter and the self-similar condition
is not satisfied, particularly in the small-core clusters.

2. We investigated the redshift evolution of the-T" relation. There might be a week, negative evolution,
however, it is not significant within the present statistics

3. We investigated the parameter correlations focusingnei k-7 relation and the connection i and
tcool, @nd suggested based on the X-ray fundamental plane antigsi., ., is likely to be a control
parameter for the ICM structure of the cluster core region.

4. The observational results indicate that the gas in theaeegion of small-core clusters is undergoing
radiative cooling, but the temperature decrease is mildedhe temperature bias is corrected using
T' = 1.3T, L1xev can be regarded as constant agaipg}. This strongly suggests that some steady
state is realized in the small-core clusters. The presentteecan be consistently understood within the
framework of the quasi-hydrostatic model.

5. From theLx-T"/ relation, we showed thdt; v is related to the X-ray morphology. We indicated the
three possible phases of the gas property alongtheaxis and draw a phenomenological picture of
the ICM evolution.

We have also shown that there is a significant offset betweesrmall core/large core clusters on the
Lx — T plane, which is consistent with the CC/NCC segregationntepldor the nearby cluster samples.
To further clarify the redshift evolution of the core struiet, we consider that it is necessary to perform a
uniform analysis covering a wide redshift range.
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